We measured seasonal variations of gut macrostructure of 36 Mongolian gazelles (Procapra gutturosa) collected in Xiqi, Inner Mongolia. Relative weight of ruminoreticular contents (9-14% of body weight) and relative length of the total intestine (15-18 times body length) were within the range of intermediate feeders. Proportional length of large intestine to total intestine (29-31%) falls within the range of browsers and suggests that distal digestion is important for small intermediate feeders. Total weight of gut with contents was 27-36% greater in winter than in spring because of the increase in contents of ruminoreticulum and large intestine, suggesting that both proximal and distal fermentation are more important in winter than in spring.
Food quality and differences in animals' energy requirements during different life stages influence size, structure, and digesta contents of alimentary tract (Green and Millar 1987; Short et al. 1965 ). Thus, differences in the capacity and digestas contents of gastrointestinal tract and its compartments are important nutritional adaptations in ruminants (Hofmann 1973 (Hofmann , 1989 White et al. 1987) . Optimal digestion theory predicts that animals should optimize the trade-off between passage rate and completeness of digestion (Sibly 1981) . Optimal digestion time will therefore vary in relation to forage intake and quality. Owing to limitation of capacity, gut should retain a greater quantity of digesta from low-quality forage to compensate for the reduction in net energy obtained per unit of digesta * Correspondent: jiang@yies.pref.yamanashi.jp (Sibly 1981) . The rumen-bulk limiting hypothesis (Baile and Forbes 1974) predicts reduced intake and increased retention time during poor forage periods, as a result of restricted passage from rumen through the reticulo-omasal ostium (Hofmann 1989; Spalinger et al. 1993) .
The Mongolian gazelle (P. gutturosa) can be classified as an intermediate feeder according to seasonal changes in diets and diet quality (Z. Jiang, S. Takatsuki, J. Li, and W. Wang, in litt.). Although browsers are regarded as most sensitive to diet quality among ungulates (Hofmann 1989; Renecker and Hudson 1990) , intermediate feeders are believed to be able to alter their feeding strategy seasonally with changes in diet (Hofmann 1989) . Hofmann (1985 Hofmann ( , 1989 pointed out that larger capacity of ruminoreticulum and large intestine is responsible for effective fermentation. As for the macrostructure of gastrointestine, grazers have relatively larger ruminoreticula, longer total intestines, relatively shorter large intestines, and smaller ceca than browsers, which mean that grazers are foregut fermenters and browsers are hindgut fermenters (Hofmann 1989) . The intermediate feeders are ruminants morphophysiologically intermediate between grazers and browsers. They show remarkable short-term or seasonal morphological adaptations to changes in forage quality (Hofmann 1989) . On the basis of these ideas, Holand (1992) confirmed that gut fill in roe deer (Capreolus capreolus), a browser, varied seasonally according to diet quality. We hypothesized that: the gut characteristics of Mongolian gazelle would be similar to those of other intermediate feeders, and gut fill would also change seasonally with changes of diets and diet quality; both foregut and hindgut fermentation would be important for Mongolian gazelles because of their small body size and poor food season of long duration; and distal digestion in juveniles and adults would be more important than that in fawns because fawns consume milk. We tested these hypotheses by examining seasonal variations in the macrostructure of their digestive tracts and gastrointestinal contents of Mongolian gazelles.
MATERIALS AND METHODS
Study area.-The Hulunbeier grassland (47Њ05Ј-53Њ04ЈN, 115Њ31Ј-126Њ04ЈE) is one of the most important habitats for Mongolian gazelles in Inner Mongolia, China. The Mongolian gazelles used in this study came from Xiqi, an area in southwestern part of the grassland. This area includes Hulun Lake, Beier Lake, and Wuersun River around which are lowlands with rich water systems (Pan 1992 ). These areas belong to the semiarid and cold temperate climatic zone. The average annual temperature is Ϫ3-0ЊC, ranging from Ϫ24 to Ϫ40ЊC in February and 35-40ЊC in July. Although annual precipitation range is only 250-380 mm, snow is usually available for 120-180 days each year (Pan 1992) . Vegetation is characteristic of the cool temperate tall grassland, which enters vegetative growth in early May and senesces at the end of September (Hu et al. 1992) .
Sampling and data collection.-Mongolian gazelles (Table 1) were collected in spring (15-18 May 1997) and winter (13 February 1998) at Xiqi and preserved by freezing within 6 h of death. Animals were weighed to the nearest 0.1 kg, and head-rump body length was measured to the nearest 1 mm. Age was determined by tooth eruption, replacement, and wear (Zhao 1982) . Animals were eviscerated and gastrointestinal tract removed. After removing all fat and connective tissue, digestive tract was separated into 7 sections: ruminoreticulum, omasum, abomasum, small intestine, cecum, proximal colon (section between ileocecal ostium and coiled ansa spiralis), and distal colorectum. Each section with contents was weighed to the nearest 1 g. Length of intestine was measured to the nearest 1 mm. For the cecum, 2 widths were measured, one at the ileocecal ostium and the other at the maximum diameter. Width of proximal colon was measured 5 times at equal intervals. Capacity (V) of cecum and proximal colon were estimated by respective lengths (L) and widths (W) for a cylinder, according to equation V ϭ W 2 L/. Data analyses.-Analysis of variance was used to test for differences among mean values for fawns, juveniles, and adults; multiple comparisons were made by Scheffé test between 2 of the 3 age groups. The seasonal differences for all variables in fawns, juveniles, and adults were tested by analysis of variance because no differences (F Ͻ 2.65, d.f. ϭ 1, P Ͼ 0.143) were observed between seasons in body weights in either age class. Analysis of variance was also used to test for the differences between fawns and adults, and between the sexes in adults. Statistical significance was set at the P Ͻ 0.05 level.
Finally, Mongolian gazelles were divided into 2 age groups: fawns (Ͻ1 year old) and adults (Ͼ1.5 years old), which was composed of juveniles (1.5-2 years old) and adults (Ͼ2.5 years old). Sexes were combined across groups because there was no difference between sexes (F Ͻ 5.07, d.f. ϭ 1, P Ͼ 0.05) for any variable in winter, except for absolute volume of cecum (F ϭ 8.23, d.f. ϭ 1, P Ͻ 0.02); spring adult female sample size was too small for statistical comparisons. Juveniles and adults were pooled because no difference (P Ͼ 0.15) was detected between the 2 groups for any variable in either season.
RESULTS
Ruminoreticular contents of fawns increased 44.0% (F ϭ 10.09, d.f. ϭ 1, P Ͻ 0.01) and that of adults increased 50.5% (F ϭ 14.33, d.f. ϭ 1, P Ͻ 0.001) from spring to winter (Table 2) . Weight of the total gut with contents was 36.1% greater in winter for fawns (F ϭ 10.34, d.f. ϭ 1, P Ͻ 0.012) and 26.8% greater for adults (F ϭ 9.32, d.f. ϭ 1, P Ͻ 0.007) than those in spring. These resulted from increases in contents of ruminoreticulum and large intestine (F Ͼ 8.96, d.f. ϭ 1, P Ͻ 0.012). Increases were not significant in absolute volume of distal fermentation chambers (
However, relative volume increased in adults (F Ͼ 4.74, d.f. ϭ 1, P Ͻ 0.042) from spring to winter in both distal fermentation chamber and cecum. No change was found in either absolute or relative weight of small intestine for fawns (F Ͻ 1.16, d.f. ϭ 1, P Ͼ 0.313) from spring to winter, whereas they decreased from spring to winter in adults (F Ͼ 5.14, d.f. ϭ 1, P Ͻ 0.035). For both age groups, the weights (absolute and relative) of large intestine with contents (F Ͼ 8.96, d.f. ϭ 1, P Ͻ 0.012) and the lengths (absolute and relative) of small intestine (F Ͼ 5.57, d.f. ϭ 1, P Ͻ 0.028) increased from spring to winter (Tables 2 and 3 ). Both absolute and relative lengths of large intestine increased from spring to winter (F Ͼ 5.434, d.f. ϭ 1, P Ͻ 0.033) in adults, whereas the increase did not occur in fawns (F Ͻ 2.23, d.f. ϭ 1, P Ͼ 0.174; Table 3 ).
In winter, proportional length of small intestine to total intestine of fawns was greater (F ϭ 7.65, d.f. ϭ 1, P Ͻ 0.014) than that of adults, and that of large intestine in fawns was smaller (F ϭ 7.65, d.f. ϭ 1, P Ͻ 0.014) than that in adults. In spring, however, no difference was found (F Ͻ 0.56, d.f. ϭ 1, P Ͼ 0.469) in proportional length of intestine between fawns and adults (Table 3). In spring, most absolute values of adults were greater (F Ͼ 5.25, d.f. ϭ 1, P Ͻ 0.041) than those of fawns except lengths of small and large intestines (F Ͻ 4.64, d.f. ϭ 1, P Ͼ 0.051). But no difference was found in any equivalent relative values (F Ͻ 2.93, d.f. ϭ 1, P Ͼ 0.115) between the 2 age groups in spring (Tables 2 and 3 ). In winter, most of the absolute values of adults were greater (F Ͼ 6.28, d.f. ϭ 1, P Ͻ 0.024) than those of fawns with the exception of weight and length of small intestine (F Ͻ 1.77, d.f. ϭ 1, P Ͼ 0.203) but no difference was found in most equivalent relative values in winter (F Ͻ 2.58, d.f. ϭ 1, P Ͼ 0.131), except the weight of small intestine which decreased (F ϭ 23.59, d.f. ϭ 1, P Ͻ 0.001) from fawns to adults.
DISCUSSION
Grazers and browsers differ in the relative weight of ruminoreticular contents to body weight (10.9-17.4% for grazers and 6.5-14.8% for browsers), and length of total intestine related to body length (25-30 times body length for grazers, 12-15 times for browsers : Hofmann 1989; Jiang and Takatsuki 1999) . These 2 variables for Mon- golian gazelles fall between the ranges for grazers and browsers (Tables 2 and 3 ). This confirmed the classification of the Mongolian gazelle as an intermediate feeder. However, proportional length of large intestine and small intestine to total intestine fell into the range of browsers (27-35% and 65-73%, respectively : Hofmann 1989) . This suggests that Mongolian gazelles may have adopted a digestive strategy similar to that of browsers, likely because of the small body size. In addition, distal gut becomes more important than for larger intermediate feeders because of the need to increase distal fermentation and digestion of fibrous foods during winter feeding. Seasonal shifts in forage quality of Mongolian gazelles (Jiang 1998) were accompanied by seasonal changes in the weight of ruminoreticular contents in fawns and adults (Table 2) . However, the magnitude of increase (44.0-50.5%) in winter was smaller compared with that of the browsers such as Alaskan moose (Alces alces: Gasaway and Coady 1974) and roe deer (Holand 1992) which have a seasonal increase of about 60%. The volume of digesta in browsers normally occupies only a portion of available rumen capacity (Bunnell and Gillingham 1985; Holand 1992) , thus allowing an increase in fill when low-quality forage is consumed. In contrast, grazers show fill levels closer to capacity (Bunnell and Gillingham 1985) . Coarse particles (Ͼ4 mm) were flushed from rumen of moose through a relatively larger reticulo-omasal ostium in summer, which results in better energy use in lower gut (Nygren and Hofmann 1990) . This means that no limitation of rumen-bulk is anticipated in browsers during summer. So, although intake may be greater than in winter, rumen contents are smaller because of rapid passage. This also seems to be the case for Mongolian gazelles in spring. White et al. (1987) refuted the idea that ruminants increase rumen fill in winter to compensate for poor food quality, and stated that, on the contrary, extremely low-food availability may limit daily food intake and hence reduce gut fill. Lower rumen fill in winter has been reported for other intermediate feeders, such as reindeer (Rangifer tarandus: Staaland et al. 1979) , caribou (R. tarandus granti: White et al. 1987) , and for grazers such as muskox (Ovibos moschatus: H. Staaland and H. Thing, unpublished data cited by Holand 1992) . This is, however, not the case for Mongolian gazelle even though food availability dramatically decreased during snowy season (Jiang 1998) .
When forage selection becomes inefficient because of low-forage quality and quantity and increased searching costs, larger reticulo-omasal ostium is reduced in browsers and intermediate feeders (Hofmann 1985 (Hofmann , 1989 . The ratio of rumen content to rumen capacity increases to allow for a longer retention time and more complete digestion and absorption (Baker and Hobbs 1987; Renecker and Hudson 1990) . After rumination time reaching 10 h/day (Renecker and Hudson 1989; Robbins 1983) , no additional compensatory mechanism contributes to the physical breakdown of particles. This would result in longer retention time instead of increase in food intake. This indicates that a limitation of rumen-bulk for Mongolian gazelles should occur more frequently in winter than in late spring. Low-quality forage in winter, combined with a smaller reticulo-omasal ostium in browsers and intermediate feeders, restricts passage rate of forage (Spalinger et al. 1993 ) and thus restricts intake (Renecker and Hudson 1989) . It also decreases rumen turnover (Renecker and Hudson 1990) and therefore increases rumen fill (Baker and Hobbs 1987) . This should also be the case for Mongolian gazelles, because both food availability and quality are extremely low in winter compared with spring (Jiang 1998) .
Increases in weights of ruminoreticular contents and large intestine with contents suggest that both proximal and distal fermentation are important in winter as compared with spring and summer, when proximal fermentation chamber is the primary site. Gordon and Illius (1994) pointed out that hindgut energy supplied by volatile fatty acids was important for survival of ruminants because energy supplied by volatile fatty acids in rumen was inadequate to meet energy requirements for maintenance of browsers and small grazers. Several studies have indicated that cecum or hindgut become more important in winter or dry season than in summer or wet season for both browsers (Boomker 1983; Holand 1992; Hoppe et al. 1983 ) and intermediate feeders (Drescher-Kaden 1977; Staaland and White 1991) . Hofmann (1989) pointed out that larger distal fermentation chamber is responsible for more effective hindgut fermentation, especially for hemicelluloses, which cannot be well digested in rumen. Two other differences between fawns and adults suggest that fawns depend less on distal fermentation than adults do. The 1st difference is that, from spring to winter, fawns do not have the increase in relative volume of distal fermentation chambers that adults have. The 2nd is that, in winter, fawns do not have as great a proportional length of large intestine as that found in adults. Hofmann (1989:453) interpreted the strategy of hindgut fermentation in browsers as ''an adaptive expression of a flexible, fractionized fermentation, alternating between proximal and distal microbial systems.'' The response of this primitive system to lower quality forage with an important distal fermentation chamber seems a favorable strategy for Mongolian gazelle under severe snow conditions.
In winter, the greater the relative weight of small intestine with contents and greater the proportional length of small intestine in fawns as compared with adults suggest that nutritional absorption in small intestine for fawns in winter is more important than that for adults. This coincided with the reduced dependence on distal fermentation in fawns as compared with that of the adults in winter and may have resulted from milk consumption. No differences were found be-tween fawns and adults for any relative value in spring and for most (except relative weight of small intestine with contents) in winter. This suggests that development of digestive organs in fawns that were nearly 1 year old was similar to that of adults.
This winter digestive strategy is in accordance with the optimal digestion theory, i.e., given gut capacity as a limiting factor, digestive system should hold more, allowing a longer retention time and more complete digestion of less nutritious winter diet. This seasonal digestive adaptation in Mongolian gazelle underlines the importance of a flexible nutritional strategy in a highly seasonal habitat for winter survival in small intermediate feeders.
